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ABSTRACT

This paper describes a new automatic pitch-marking
method using wavelet transform. This method de-
tects discontinuity in the speech waveform which oc-
curs at the glottal closure instant (GCI). A time domain
prosodic modification technique requires an appropriate
determination of the synthesis pitch-marks. We eval-
uated the performance of the newly developed pitch-
marking method by using our internal speech databases
with an electroglottograph signal. We achieved 96 per-
cent detection accuracy on the performance evaluation.
We confirmed that the proposed pitch-marking method
is suitable for waveform concatenation-based synthesis
through a listening test using pitch modified speech.

1 INTRODUCTION

A pitch synchronous speech synthesis requires the be-
ginning location of the pitch period (pitch mark) for
every voiced segment prior to speech synthesis [1] .
Pitch-marking is a time-consuming task, and an au-
tomatic pitch-marking method is therefore essential to
these kinds of synthesis technique.

The glottal closure instant (GCI) is suitable as the
pitch mark for manipulating the pitch waveform, since it
corresponds to the beginning of a pitch period. In the last
decade, a few methods of GCI determination have been
presented. One uses the occurrence of discontinuity in
the derivative of the glottal airflow[4]. Another one uses
maximum-likelihood[3]. These methods are applicable
for only certain vowels or for low pitched speakers.

At present, the use of the electroglottograph (EGG) is
an accurate and reliable for GCI detection. This device
can observe the vibration of the vocal cord indirectly by
detecting the change in impedance between electrodes
placed in contact with the skin on both sides of the thy-
roid cartilage. This method can extract accurate GCIs by
examining an EGG signal recorded simultaneously with
a speech waveform [2]. However, this method is not ap-
plicable for speech materials already recorded without
the device.

Recently, the wavelet transform has been applied suc-
cessfully to detect GCI [5, 6, 7, 8]. In [5] and [6], lo-
cal maxima that exceed a given threshold are searched
for, and the locations of the local maxima are compared
across consecutive scales. If the locations of the thresh-
olded local maxima agree across two scales, it is as-
sumed that the locations of these maxima correspond to
the GCIs. Although the original algorithm is quite sim-
ple and effective, the scale matching criterion is not al-
ways met at all GCI locations. One of the keys to ac-
curate GCI detection is to select optimal local peaks as
GCI sequences from wavelet coefficients on each scale
and evaluate whether they are optimal as GCIs [7].

In the work reported in this paper, we applied a dy-
namic programming algorithm and some post process-
ing techniques to obtain GCI sequences from the wavelet
coefficients of speech waveforms. We compared the per-
formance of the proposed wavelet-based pitch-marking
method with the EGG-based method. Ninety-six per-
cent of the GCI intervals agreed with the reference
GCI intervals within an error of five percent. We con-
firmed that the proposed pitch-marking method is suit-
able for a waveform concatenation-based synthesis tech-
nique through a listening test with pitch modified speech.

The rest of this paper is organized as follows. Section
2 gives an overview of the proposed detection algorithm.
Section 3 compares the detection performance of the
proposed method with the reference. Section 4 compares
the pitch-marking performance of the proposed method
with reference pitch-marks through a listening test. Fi-
nally, section 5 describes the conclusion.

2 GCI DETECTION ALGO-
RITHM

In this section, we explain a method of obtaining the op-
timal local peaks to use as GCI sequences from wavelet
coefficients. We used the same wavelet functions as was
used in [5] and selected four scale parameters to cover a
pitch frequency range from 50 Hz to 800 Hz. The central
frequencies of the four wavelets are at 97, 194, 377, and
732 Hz.
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Our method consists of three stages. In the first stage,
we obtain the local peak locations of the wavelet coeffi-
cients. In the next stage, the GCI sequences are obtained
by using dynamic programming (DP). In the final stage,
we choose the best GCI sequence.

First, the local peak locations of the wavelet coeffi-
cients are derived by finding the positive local maxima
in the wavelet coefficients on each scale. For the wavelet
coefficients of the nth scale, DyWTnx(t), the positive
peak location Pn(t) on the nth scale is given by

Pn(t) =





DyWTnx(t) if DyWTnx(t) > Th

and ∂
∂t
DyWTnx(t) = 0

0 if DyWTnx(t) ≤ Th.
(1)

Here, Th is a threshold level. Pn(t) is zero except at
the local peak locations.

Next, the DP algorithm actually obtains the GCI se-
quences from Pn(t) using pitch period continuity as a
criterion. The DP algorithm proceeds as follows. A
global maximum for a certain scale is used as a starting
location for DP. The DP algorithm steps both forward
and backward, since the starting location is situated mid-
way through the voiced segment. The score ds(Ii) for a
GCI candidate Ii is defined as the score at the previous
GCI candidate, plus the transition score gained by mov-
ing to the current GCI candidate. The recursive relation

ds(Ii) = ds(Ip) + max
i

ts(Ip, Ii) (2)

is calculated. The transition score ts(Ip, Ii) quantifies
the cost of moving from a previous pitch period Top to
the current pitch period, which is the interval between the
previous GCI candidate Ip and the current GCI candidate
Ii, and is given by

ts(Ip, Ii) = Pn(Ii)exp
(
− (Top − (Ii − Ip))

2

2δt2

)
. (3)

Hence, the transition score for a new period depends on
its wavelet coefficient and its distance from the previous
pitch period. The exponential term in Equation (3) ap-
plies a Gaussian weighting to the difference in period,
so that smaller changes in period give a higher transi-
tion score. The standard deviation δt of the Gaussian
was derived empirically. A typical value is 0.6 msec.
The search range of the GCI candidate is between 1.3
msec and 20 msec. Local peaks that include a path are
never used as starting locations. This search process is
repeated until all local peaks are included in paths. A
search path is terminated if no local peaks are found in
the search range, or if the current pitch period is more
than 1.3 times or less than 0.7 times the previous pitch

period. When a search path is terminated, a GCI se-
quence is provided by back tracking to a local peak po-
sition which has the largest score.

The initial pitch period at the starting location is es-
timated by using an autocorrelation function. The DP
proceeds as shown in Figure 1.
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Figure 1: Obtaining GCI sequences by dynamic programming
(x-marks). Circles show local peaks. Local peaks with the
highest transition scores are preferentially considered as the
GCI sequence. The transition score for a new period depends
on its wavelet coefficient and its distance from the previous
pitch period. The dashed lines show the Gaussian weighting.
The solid line shows the search path. The vertical dotted line
shows the starting location of the path.

Finally, we select the best GCI sequence from the can-
didates in a voiced segment. Basically, we select the
longest GCI sequence. Prior to the selection, we intro-
duced a post process which performs deletions, exten-
sions and connections among the fragments of the GCI
sequences. In case that the detected GCIs are not on the
smallest scale, they are shifted to agree with the local
peaks on the smallest scale, because the wavelet coeffi-
cients on the smallest scale tend to agree with the GCI
more accurately.

3 GCI DETECTION PERFOR-
MANCE EVALUATION

We compared the performance of the proposed wavelet-
based pitch-marking method with that of a method for
extracting the GCIs by means of an EGG.



3.1 Speech Material

For the following experiments, we use an EGG signal
recorded simultaneously with a speech waveform con-
sisting of 100 Japanese sentences uttered by a male
speaker. The data was recorded as 16 bit linear PCM
at a 22.05kHz sampling rate. The reference GCI was
detected semi-automatically by using the EGG signal.
A manual operation was needed to remove the errors
caused by measurement noise.

3.2 Results and Discussion

We defined the pitch period T 0i associated with ith
GCI,Ii:

T 0i =

{
Ii+1 − Ii is ≤ i < ie
T 0i−1 i = ie

(4)

where is is the first GCI number of voiced portion and ie
is the last GCI number of voice portion.

The following objective error measures are used to
compare the GCIs obtained from the proposed method
with the reference GCIs. Correct pitch periods are de-
fined as their values are within a range of 5 % difference
from those references. The pitch error is the ratio of the
number of correct pitch periods divided by the number
of reference pitch periods. The mean difference is the
mean value of the time difference of the correctly iden-
tified GCIs with the reference GCIs. The insertion error
is the ratio of the number of GCIs in the non-voiced por-
tion to the number for reference GCIs. Table 1 shows the
results. The result shows 96 % of the GCIs in the voiced
portion agree with the reference GCIs within an error of
0.28 msec.

Table 1: GCI detection error rates for male speech.

Number
of GCIs

Insertion
error

Pitch error Mean
difference

38582 0.82 % 　3.46 % 0.28 [ms]

We examined how relative power level would affect
the performance. Figure 2 shows the pitch error rate at
different relative power level. The figure shows that the
pitch error rate decreases as the relative power level in-
creases.

Figure 3 shows comparison of the pitch contours for a
typical utterance. This shows that the pitch period error
tend to occur when amplitude suddenly changes.
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Figure 2: The pitch error rate at different relative power
level.

4 PITCH MARKING PERFOR-
MANCE EVALUATION

We defined the GCIs that were obtained from the pro-
posed method as the pitch-marks. We also used the peak
positions lpi associated with ith pitch-mark:

lpi = Ii − argmax
n

(x(n)) Ii ≤ n < Ii+1 (5)

4.1 Subjective Evaluation

We examined how the pitch error and insertion error af-
fected the quality of the concatenated synthetic speech
through subjective listening tests.

4.2 Pitch Modification Algorithm

A waveform concatenation-based synthesis technique is
used for generating the pitch modified speech. Individ-
ual pitch periods are extracted from the original speech
waveform by using an analysis window, and spliced to-
gether at a different rate. We used an asymmetrical win-
dow so that the peak position of the window agrees with
the peak of the speech waveform. Figure 4 illustrates the
pitch modification scheme.

4.3 Result and Discussion

A pair comparison test was employed to evaluate the
synthesized speech quality for the two kind of pitch-
marks, which are EGG-based and wavelet-based. We
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Figure 3: The comparison of the pitch contour for a typical
utterance. The solid line shows the reference pitch countor that
was obtained from the EGG. The dashed line shows the pitch
contour that was obtained from the proposed method.

produced both pitch increased speech and pitch de-
creased speech for each pitch mark. Table 2 shows the
preference scores. This shows that the EGG-based pitch-
marks and the wavelet-based pitch-marks had equal
quality.

Table 2: Preference score

pitch modification rate 0.7 times 1.3 times

EGG-based pitch-mark 50.5 % 51.0 %
Wavelet-based pitch-mark 49.5 % 49.0 %

5 CONCLUSION

We have proposed an automatic pitch-marking method
using wavelet transform. We confirmed that the pro-
posed method is suitable for waveform concatenation-
based synthesis and can provide equal synthetic qual-
ity compared to an EGG-based pitch-marking method.
We are planning to evaluate the method by using female
voice EGG signals with simultaneously recorded speech
waveforms.
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